Abstract: Extrudability of aluminum alloys of the 6xxx series is highly dependent on the microstructure of the homogenized billets. It is therefore very important to characterize quantitatively the state of homogenization of the as-cast billets. The quantification of the homogenization state was based on the measurement of specific microstructural indices, which describe the size and shape of the intermetallics and indicate the state of homogenization. The indices evaluated were the following: aspect ratio (AR), which is the ratio of the maximum to the minimum diameter of the particles, feret (F), which is the maximum caliper length, and circularity (C), which is a measure of how closely a particle resembles a circle in a 2D metallographic section. The method included extensive metallographic work and the measurement of a large number of particles, including a statistical analysis, in order to investigate the effect of homogenization time. Among the indices examined, the circularity index exhibited the most consistent variation with homogenization time. The lowest value of the circularity index coincided with the metallographic observation for necklace formation. Shorter homogenization times resulted in intermediate homogenization stages involving rounding of edges or particle pinching. The results indicated that the index-based quantification of the homogenization state could provide a credible method for the selection of homogenization process parameters towards enhanced extrudability.
Introduction
The process chain of extrudable Al-alloys of the 6xxx series involves direct-chill casting followed by a homogenization cycle, prior to hot extrusion. The as-cast billets contain several inhomogeneities, such as elemental microsegregation, grain boundary segregation, and formation of low-melting eutectics as well as the formation of iron intermetallics. The presence of intermetallic phases, in particular, which possess sharp edges, can impair the deformability of 6xxx extrudable alloys especially when located in the grain boundary regions [1] [2] [3] [4] . Among the intermetallics the most important are the Fe-bearing intermetallics, α-Al 12 (FeMn) 3 Si and β-Al 5 FeSi, from now on called α-AlFeSi and β-AlFeSi respectively. The α-AlFeSi has a cubic crystal structure and globular morphology while the β-AlFeSi possesses a monoclinic structure and a plate-like morphology, limiting the extrudability of the as-cast billet by inducing local cracking and surface defects in the extruded material [5] [6] [7] . The above effects are partially removed by the homogenization treatment, which includes the removal of elemental microsegregation, removal of non-equilibrium low-melting eutectics, the transformation of β-AlFeSi to α-AlFeSi and the spheroidization of the remaining undissolved intermetallics [1] . The effect of
Materials and Methods
The chemical composition of the 6060 alloy investigated is Al-0.38Mg-0.40Si-0.2Fe-0.03Mn (mass %). Three homogenization heat treatments consisted of holding at 560˝C, for 2, 4, and 6 h followed by air cooling (see also Table 1 ). These conditions were selected in order to study the morphological changes of the α-AlFeSi phase after the complete transformation of β Ñ α-AlFeSi. After the homogenization heat treatment, the specimens were prepared for standard metallographic examination involving optical microscopy (Leitz Aristomet, Leica Microsystems, Wetzlar, Germany), SEM-JEOL 6400 (JEOL Ltd, Tokyo, Japan), and image analysis (Image J software, Version 1.50g, 2016, National Institutes of Health, Bethesda, MD, USA). The specimens were subjected to grinding, polishing, and etching with a Poulton's reagent consisting of 1 mL HF, 12 mL HCl, 6 mL HNO 3 , and 1 mL H 2 O, modified by the addition of 25 mL HNO 3 and 12 g Cr 2 O 3 (in 40 mL H 2 O). The as-cast as well as the homogenized microstructures were characterized for intermetallic phases and the particles were categorized in three morphological types as rounded particles, pinched particles, and particles exhibiting a necklace formation. It should be noted that pinched particles are those that are in the initial stage of separation to smaller rounded particles towards the formation of a necklace group. The number of images processed and the number of particles measured for each condition appears in Table 2 . Table 2 . The number of images processed and the number of particles measured for each condition.
Alloy
Number of Images Number of Particles As-cast  58  106  2 h  57  161  4 h  56  150  6 h  58  133 As mentioned above, the quantification of the homogenization state was based on the measurement of indices that describe the size and shape of the intermetallics and indicate the state of homogenization. The indices employed were the aspect ratio (AR), feret (F), and circularity (C) and are defined in Table 3 . Table 3 . The indices employed for the quantification of the homogenization state.
Aspect Ratio Feret Circularity
A ratio of the major to the minor diameter of a particle, where d max and d min correspond to the longest and the shortest lines passing through the centroid
The longest caliper length
Circularity is a measure of how closely a particle resembles a circle. It varies from zero to one with a perfect circle having a value of one
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After the standard metallographic observation, measurement of particle dimensions was carried out in the SEM using the appropriate magnification and a suitable numerical aperture as suggested in [21] . The method is indicated for a group of particles ( Figure 1a ). The group is isolated ( Figure 1b ) and transferred to the image analysis program (Figure 1c) where the particles are numbered and their dimensions measured. The respective measurements for each particle in the group are depicted in Table 4 . In most cases, the measuring frames contained whole particles. In the cases where the frame passes through a particle, then this particle was not taken into account. formation of a necklace group. The number of images processed and the number of particles measured for each condition appears in Table 2 . Table 2 . The number of images processed and the number of particles measured for each condition.
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After the standard metallographic observation, measurement of particle dimensions was carried out in the SEM using the appropriate magnification and a suitable numerical aperture as suggested in [21] . The method is indicated for a group of particles ( Figure 1a ). The group is isolated ( Figure 1b ) and transferred to the image analysis program (Figure 1c ) where the particles are numbered and their dimensions measured. The respective measurements for each particle in the group are depicted in Table 4 . In most cases, the measuring frames contained whole particles. In the cases where the frame passes through a particle, then this particle was not taken into account. Table 4 . Respective measurements for each particle referring to Figure 1c . Indices AR, C, and F correspond to the aspect ratio, circularity, and feret of the measured particles respectively. Accordingly, dmax and dmin are the major and minor diameters, p is the perimeter and A is the area of particles (refer to After the standard metallographic observation, measurement of particle dimensions was carried out in the SEM using the appropriate magnification and a suitable numerical aperture as suggested in [21] . The method is indicated for a group of particles (Figure 1a ). The group is isolated (Figure 1b ) and transferred to the image analysis program (Figure 1c) where the particles are numbered and their dimensions measured. The respective measurements for each particle in the group are depicted in Table 4 . In most cases, the measuring frames contained whole particles. In the cases where the frame passes through a particle, then this particle was not taken into account. Table 4 . Respective measurements for each particle referring to Figure 1c . Indices AR, C, and F correspond to the aspect ratio, circularity, and feret of the measured particles respectively. Accordingly, d max and d min are the major and minor diameters, p is the perimeter and A is the area of particles (refer to The area of measurement (scanned area) was kept constant for all homogenization treatments. Statistical analysis is required to assess the data and allow for credible conclusions to be made. In order to examine if the data samples were comparable, the Kruskal-Wallis test [22] was used. It is a non-parametric method for testing whether samples originate from the same distribution and it is used to compare two or more independent samples of equal or different sample size. With a confidence level of 99%, it was proved that the samples derive from different distributions. As a result, the samples are not comparable without further processing. In order to compare between the dissimilar samples, the "Bootstrapped Mean" [23] method was used. Bootstrapping is a non-parametric statistical technique that allows accurate estimations about the characteristics of a population to be made when the examined sample size is limited. As it is non-parametric, the method can be used to compare between samples derived from different distributions, such as Normal and LogNormal distributions. It works by recursively calculating the preferred parameter, like the mean or the median, for a part of the sample and then combining the results to make robust estimates of standard errors and confidence intervals of the population parameter. In this case, a 95% confidence interval was used, while the standard error was kept to a minimum by using a large number of iterations. This process leads to comparable statistical parameters for each measurement.
Results and Discussion
The microstructural evolution of the 6060 alloy during homogenization is depicted in Figure 2 . The as-cast microstructure is depicted in Figure 2a . Mg 2 Si, α-AlFeSi, and β-AlFeSi intermetallics are located at the grain boundaries, while the α-AlFeSi phase exhibits the characteristic "Chinese-script" morphology. The morphological evolution with homogenization time is indicated in Figure 2b, [20] . Clear spheroidization of particles and necklace formation is evident only in the micrographs of Figure 2f,g, i. e., after 6 h homogenization. It is clear that optical metallography can supply only qualitative data on the progress of homogenization. The SEM analysis revealed that the morphological changes of the α-AlFeSi phase during homogenization could be classified in three stages:
First stage, rounding of edges, 2 h homogenization ( Figure 3 ). The β-AlFeSi particles exhibit sharp edges, this being the main reason for their detrimental effect on extrudability. After 2 h, all The SEM analysis revealed that the morphological changes of the α-AlFeSi phase during homogenization could be classified in three stages:
First stage, rounding of edges, 2 h homogenization ( Figure 3 ). The β-AlFeSi particles exhibit sharp edges, this being the main reason for their detrimental effect on extrudability. After 2 h, all particles with sharp edges have been transformed and there are no particles with sharp edges in the microstructure. Therefore, we assume that there are no β-AlFeSi particles after 2 h homogenization. As discussed in the previous section after the completion of the β to α-AlFeSi transformation, the intermetallic α-AlFeSi phase undergoes spheroidization. In the first stage of this process the plate-like particles exhibit a slight decrease in their width. Although they do not exhibit complete spheroidization the particles become more rounded at the edges as depicted in Figure 3 . particles with sharp edges have been transformed and there are no particles with sharp edges in the microstructure. Therefore, we assume that there are no β-AlFeSi particles after 2 h homogenization. As discussed in the previous section after the completion of the β to α-AlFeSi transformation, the intermetallic α-AlFeSi phase undergoes spheroidization. In the first stage of this process the plate-like particles exhibit a slight decrease in their width. Although they do not exhibit complete spheroidization the particles become more rounded at the edges as depicted in Figure 3 .
(c) (d) Figure 3 . Images indicating the rounding of the edges of the particles after 2 h holding time. (a) Long elongated particle; (b) short particle; (c) elongated particle and (d) particle with segment.
Second stage, particle pinching, 4 h homogenization (Figure 4 ). At the second stage, the rounding of edges is intensified while there is a clear tendency of the particles to be separated into smaller rounded particles by a process called particle pinching. The process has been also observed during homogenization of a 7020 alloy [15] and is indicated by arrows in Figure 4 . Second stage, particle pinching, 4 h homogenization (Figure 4) . At the second stage, the rounding of edges is intensified while there is a clear tendency of the particles to be separated into smaller rounded particles by a process called particle pinching. The process has been also observed during homogenization of a 7020 alloy [15] and is indicated by arrows in Figure 4 . Third stage, necklace formation, 6 h homogenization ( Figure 5 ). The reduction of surface energy of the α-AlFeSi phase is the driving force for spheroidization. With this process, the total interface area between the matrix and the α-AlFeSi phase is reduced. The particles finally adopt a spherical shape and are arranged in a necklace formation during the third stage, as depicted in Figure 5 . Third stage, necklace formation, 6 h homogenization ( Figure 5 ). The reduction of surface energy of the α-AlFeSi phase is the driving force for spheroidization. With this process, the total interface area between the matrix and the α-AlFeSi phase is reduced. The particles finally adopt a spherical shape and are arranged in a necklace formation during the third stage, as depicted in Figure 5 . Third stage, necklace formation, 6 h homogenization ( Figure 5 ). The reduction of surface energy of the α-AlFeSi phase is the driving force for spheroidization. With this process, the total interface area between the matrix and the α-AlFeSi phase is reduced. The particles finally adopt a spherical shape and are arranged in a necklace formation during the third stage, as depicted in Figure 5 . The morphological changes of the α-AlFeSi phase described above, include rounding of edges, pinching, and spheroidization. A reduction in surface energy drives the rounding of the edges, since the total interfacial area of the particle is reduced. Particle pinching, i.e., the breakdown of a large plate to smaller particles is driven by the reduction of strain energy, caused by the plate morphology. The spheroidization of the small particles and necklace formation are also driven by the reduction in surface energy. All the above processes are accomplished by the diffusion of alloying elements through the matrix.
The mean values of microstructural indices, aspect ratio, feret and circularity have been determined for the as-cast and homogenized alloys. The 2.5% and 97.5% quantiles were used to define a confidence interval of 95%. The mean index values for the entire population (not just the measured sample), are located inside the confidence interval and have an expected value given by the Bootstrapped Mean. From these data, which are shown in Figure 6a -c, the following remarks can be made. The morphological changes of the α-AlFeSi phase described above, include rounding of edges, pinching, and spheroidization. A reduction in surface energy drives the rounding of the edges, since the total interfacial area of the particle is reduced. Particle pinching, i.e., the breakdown of a large plate to smaller particles is driven by the reduction of strain energy, caused by the plate morphology. The spheroidization of the small particles and necklace formation are also driven by the reduction in surface energy. All the above processes are accomplished by the diffusion of alloying elements through the matrix.
The mean values of microstructural indices, aspect ratio, feret and circularity have been determined for the as-cast and homogenized alloys. The 2.5% and 97.5% quantiles were used to define a confidence interval of 95%. The mean index values for the entire population (not just the measured sample), are located inside the confidence interval and have an expected value given by the Bootstrapped Mean. From these data, which are shown in Figure 6a -c, the following remarks can be made. The as-cast condition exhibits the highest values of all three indices. Homogenization leads to the reduction in these indices. Regarding the aspect ratio ( Figure 6a ) the greatest reduction appears up to 4 h homogenization. Extending the homogenization time to 6 h does not change the aspect ratio considerably. Regarding feret, (Figure 6b ), the index is reduced appreciably at 2 h homogenization with a further slight reduction at 6 h homogenization. The intermediate slight increase of the feret index between 2 and 4 h homogenization is attributed to the protrusions formed at the particle surface, a process accompanying the pinching process, as suggested in [15, 16] . The circularity index, (Figure 6c ), exhibits a continuous reduction with homogenization time, with the largest reduction appearing after 2 h homogenization. This is attributed to the initiation of the spheroidization process at the first stage (rounded particles) discussed above. Circularity achieves its lowest value at after 6 h homogenization. This is in agreement with the observation of necklace formation after 6 h homogenization (third stage). The necklace formation is characterized by the lowest value of the circularity index among the conditions examined. The fact that there is no further reduction of the aspect ratio between 4 and 6 h homogenization, discussed above, is attributed to the decreased connectivity of the α-AlFeSi phase, which follows the necklace formation. A continuous decrease of connectivity with homogenization time has been also observed for a 6005 Al-alloy [20] . Spheroidization and in particular, necklace formation, has been considered a key process for increased extrudability [18, 19] . It appears that the index exhibiting the more consistent variation with homogenization time is the circularity index, which, as stated above, exhibits a continuous reduction with homogenization time.
Conclusions
An index-based method to quantify the homogenization state has been developed. Indices such as the aspect ratio, feret, and circularity have been determined in order to characterize the stage of spheroidization of the α-AlFeSi phase, following the β to α-AlFeSi transformation. The effect of the homogenization time was studied in a 6060 alloy. The major conclusions are the following:  The α-AlFeSi particles, after the completion of the β to α-AlFeSi transformation undergo morphological changes leading to spheroidization. This process can be divided in three stages:
(1) rounding of edges, (2) particle pinching, and (3) necklace formation.  The evolution of the morphological changes can be described quantitatively by the use of indices, such as aspect ratio, feret and circularity, which are sensitive to homogenization process parameters, such as the homogenization time.

The circularity index exhibited the most consistent variation with homogenization time. The lowest value of the circularity index (more circular particles) coincided with the metallographic observation for necklace formation. Shorter homogenization times resulted in intermediate stages involving rounding of edges or particle pinching. The as-cast condition exhibits the highest values of all three indices. Homogenization leads to the reduction in these indices. Regarding the aspect ratio ( Figure 6a ) the greatest reduction appears up to 4 h homogenization. Extending the homogenization time to 6 h does not change the aspect ratio considerably. Regarding feret, (Figure 6b ), the index is reduced appreciably at 2 h homogenization with a further slight reduction at 6 h homogenization. The intermediate slight increase of the feret index between 2 and 4 h homogenization is attributed to the protrusions formed at the particle surface, a process accompanying the pinching process, as suggested in [15, 16] . The circularity index, (Figure 6c) , exhibits a continuous reduction with homogenization time, with the largest reduction appearing after 2 h homogenization. This is attributed to the initiation of the spheroidization process at the first stage (rounded particles) discussed above. Circularity achieves its lowest value at after 6 h homogenization. This is in agreement with the observation of necklace formation after 6 h homogenization (third stage). The necklace formation is characterized by the lowest value of the circularity index among the conditions examined. The fact that there is no further reduction of the aspect ratio between 4 and 6 h homogenization, discussed above, is attributed to the decreased connectivity of the α-AlFeSi phase, which follows the necklace formation. A continuous decrease of connectivity with homogenization time has been also observed for a 6005 Al-alloy [20] . Spheroidization and in particular, necklace formation, has been considered a key process for increased extrudability [18, 19] . It appears that the index exhibiting the more consistent variation with homogenization time is the circularity index, which, as stated above, exhibits a continuous reduction with homogenization time.
Conclusions
An index-based method to quantify the homogenization state has been developed. Indices such as the aspect ratio, feret, and circularity have been determined in order to characterize the stage of spheroidization of the α-AlFeSi phase, following the β to α-AlFeSi transformation. The effect of the homogenization time was studied in a 6060 alloy. The major conclusions are the following:
‚
The α-AlFeSi particles, after the completion of the β to α-AlFeSi transformation undergo morphological changes leading to spheroidization. This process can be divided in three stages:
(1) rounding of edges, (2) particle pinching, and (3) necklace formation.
The evolution of the morphological changes can be described quantitatively by the use of indices, such as aspect ratio, feret and circularity, which are sensitive to homogenization process parameters, such as the homogenization time.
The circularity index exhibited the most consistent variation with homogenization time. The lowest value of the circularity index (more circular particles) coincided with the metallographic observation for necklace formation. Shorter homogenization times resulted in intermediate stages involving rounding of edges or particle pinching.
The method requires the measurement of a large number of particles and the implementation of a statistical analysis in order to be credible.
